Abstract Tumor progression ensues within a threedimensional microenvironment that consists of cellular and non-cellular components. The extracellular matrix (ECM) and hypoxia are two non-cellular components that potently influence metastasis. ECM remodeling and collagen crosslinking stiffen the tissue stroma to promote transformation, tumor growth, motility and invasion, enhance cancer cell survival, enable metastatic dissemination, and facilitate the establishment of tumor cells at distant sites. Matrix degradation can additionally promote malignant progression and metastasis. Tumor hypoxia is functionally linked to altered stromal-epithelial interactions. Hypoxia additionally induces the expression of pro-migratory, survival and invasion genes, and up-regulates expression of ECM components and modifying enzymes, to enhance tumor progression and metastasis. Synergistic interactions between matrix remodeling and tumor hypoxia influence common mechanisms that maximize tumor progression and cooperate to drive metastasis. Thus, clarifying the molecular pathways by which ECM remodeling and tumor hypoxia intersect to promote tumor progression should identify novel therapeutic targets.
Introduction
Tissue context profoundly influences malignant transformation and tumor progression [1] . This concept was vividly demonstrated experimentally by Mintz and colleagues who showed that the normal mouse embryonic tissue microenvironment could repress expression of the tetracarcinoma tumor phenotype [2, 3] . Bissell and colleagues then demonstrated that the normal chicken embryonic microenvironment could suppress transformation mediated by the Rous Sarcoma Virus (RSV) tumor oncogene, and that wounding promoted tumor progression [3] . Experimental data presented by multiple laboratories have since confirmed these seminal observations and demonstrated that the tissue stroma can either promote or restrict tumor progression [4] [5] [6] [7] . More recently, the individual or combined activities of cellular components of the stroma have been shown to modulate various stages of tumor progression. These include, activated endothelial and lymphatic cells, altered fibroblasts, infiltrating immune cells, modified adipocytes and even stimulated mesenchymal stem cells [8] [9] [10] [11] [12] . Non-cellular aspects of the tumor microenvironment, such as hypoxia and an altered extracellular matrix (ECM), have additionally been shown to contribute to tumor progression either directly by destabilizing tissue integrity and promoting tumor cell motility, invasion and survival, or indirectly by inducing tumor angiogenesis and enhancing tumor cell survival and selection [4, 13, 14] . Here, we focus on the mammary gland and discuss the critical role of non-cellular microenvironmental factors in normal tissue homeostasis, and in tumor evolution and metastasis. We outline how a synergistic interaction between ECM remodeling and hypoxia, two non-cellular components of the tissue microenvironment, can cooperatively drive tumor metastasis by influencing common molecular targets that may therefore constitute tractable drug targets.
The importance of non-cellular components of the tissue microenvironment on tissue homeostasis
ECM structure determines tissue context
Normal organ and tissue function is determined by the reciprocal communication between cells and their surrounding stroma [15] . The non-cellular component of the stroma includes soluble factors, such as growth factors and cytokines, and an insoluble protein network to which these soluble factors can bind called the extracellular matrix (ECM) [16] . The ECM is a three-dimensional (3D) structure surrounding cells [17] . There are two major categories of ECM. The first type is the basement membrane (BM), which interacts directly with the epithelium and endothelium, and consists primarily of collagen IV, laminins, entactin/nidogen and heparan sulfate proteoglycans [18] [19] [20] . The second type is the interstitial matrix, which makes up the bulk of the ECM in the body. The interstitial matrix consists of many collagens including type I and III, which together with fibronectin contribute to the mechanical strength of the tissue [21] . The interstitial matrix additionally consists of tenascin and proteoglycans that provide tissue hydration, growth factor and cytokine binding functions, and cross-link the matrix to enhance its integrity [22] . Although originally thought of as merely a support system for the cells within the tissue, the ECM is now recognized as a central regulator of cell and tissue behavior by providing contextual information for cells to respond to stimuli [23] [24] [25] . Indeed, while the basic characteristics and composition of the basement membrane and interstitial matrix are constant across tissues, variations in ECM component and isoform expression [26] , and post-translational modifications, contribute to differences in ECM organization and structure and ensure tissue specificity [22, 27] .
ECM topology reflects the organization, orientation and post-translational modifications of the matrix. These parameters determine the mechanical properties of the ECM and modulate cell and tissue phenotype by influencing cytoskeletal remodeling and receptor signaling to influence cell behavior [18, 28] . The architecture of the tissue ECM is influenced by its topology and its biochemical composition [29] [30] [31] [32] . Matrix concentration and post-translational modifications, such as glycosylation and cross-linking, significantly affect the mechanical properties of the ECM, including its visco-elasticity or stiffness (which can be measured in Pascals; Pa) [28] . Both the stiffness and topology of the ECM regulate the growth, remodeling, differentiation, migration and phenotype of a wide variety of cell and tissue types [14, 33] . Consistently, mechanical force mediated at the cellular and tissue level specifies tissue organization and cell migration during early embryogenesis, and modulates tissue function and homeostasis in the adult organism [29, 30] . Much of the force mediating these behaviors is functionally linked to ECM architecture and cell-generated actomyosin-dependent contractility [29, 30] . Although it is not clear how ECM topology and stiffness regulate cell fate, it is fast becoming clear that these matrix parameters are likely as important as its biochemical composition, and can profoundly affect cell behavior and influence gene expression to regulate processes as disparate as stem cell differentiation and tumor phenotype [24, [33] [34] [35] [36] [37] [38] [39] .
Matrix stiffness regulates cell phenotype and function
The importance of matrix stiffness in tissue-specific differentiation is exemplified by the fact that cells grown as monolayers (two dimensional; 2D) on top of either a plastic substrate or a glass cover slip, either with or without ECM ligand, fail to assemble tissue-like structures (3D) and do not express differentiated proteins upon stimulation [14, 28] . These phenotypic disparities can be explained, in part, by the fact that the consistency of living tissues is dramatically softer than conventional 2D substrata such as tissue culture plastic (polystyrene) or borosilicate glass. Specifically, soft tissues such as the breast, liver and lung range between 150 and 3,000 Pa, whereas plastic has a stiffness approaching the GPa range, which is infinitely stiff, and borosilicate glass, is, by comparison 1-2 GPa [14, 28] . Consistently, if epithelial cells and melanocytes are grown in the context of a 3D compliant ECM microenvironment (150-400 Pa) they assemble into tissue-like structures and express differentiated proteins when given the correct soluble stimuli [9, 40, 41] . The architecture of the interstitial tissue matrix in vivo also differs substantially from that found typically in tissue culture plastic experiments, and this too can have dramatic effects on cell behavior [42] . For instance, epithelial cells in a tissue either interact with ''other'' cells and basally contact a BM (which itself has a complex 3D topology), and tissue fibroblasts are surrounded by interstitial collagen fibrils that can be heavily glycosylated and cross-linked with diameters that range from 0.1 microns upwards to 10 microns. Furthermore, the orientation of these collagen fibers can critically regulate cell and tissue behavior [30, 36] . This 3D contextual information is lost when cells are grown in 2D.
Changes in matrix stiffness and ECM remodeling play a crucial role in embryonic mammary gland development, influence branching mammary gland morphogenesis, and facilitate lactation (functional differentiation) and involution (apoptosis), to orchestrate normal mammary gland homeostasis [18] . Substrate compliancy independently regulates mammary epithelial cell (MEC) shape, mammary tissue morphogenesis, and endogenous BM assembly [14] . For example, functional and morphological differentiation of primary MECs in response to lactogenic hormones can proceed only when mixed mammary cell populations isolated from pre-lactating mice are plated on floating (compliant) collagen gels and permitted to assemble an endogenous BM [28, 43, 44] . Consistently, MEC acini morphogenesis and functional differentiation is not supported by mechanically loaded or cross-linked (stiff) collagen gels because they are too rigid to allow cell rounding and endogenous BM assembly [28] .
The ECM stiffness can regulate cell and tissue behavior by initiating biochemical signaling cascades in cells through interactions with a number of specialized transmembrane ECM receptors including integrins, Discoid Domain Receptors (DDRs) and syndecans [45] [46] [47] [48] [49] . These are mechanosensors critical for mediating outside-in cell signaling to regulate cell behavior. Integrins are perhaps the best characterized ECM receptors that are important for adhesion interactions. They are an excellent model with which to understand how an altered ECM could promote tumor progression. Integrins consist of 24 distinct transmembrane heterodimers that relay cues from the surrounding ECM to regulate cell growth, survival, motility, invasion and differentiation [48] . By virtue of their ability to interact with the ECM externally, and with cytoplasmic adhesion plaque proteins and the cytoskeleton intracellularly, integrins are able to transmit dynamic cues from the tissue microenvironment to influence cell behavior. Integrin-ECM interactions regulate cell fate by activating multiple biochemical signaling circuits and altering cell and nuclear shape [50] [51] [52] . This occurs either through direct interactions between ECM receptors and actin linker proteins or cytoskeletal reorganization induced by activating cytoskeletal remodeling enzymes, such as RhoGTPases [50] [51] [52] .
Hypoxia regulates normal tissue homeostasis Hypoxia (low oxygen) is another important non-cellular component of the physiological tissue microenvironment. Similar to ECM stiffness, hypoxia, potently influences cell phenotype, genotype, differentiation and fate [53] [54] [55] [56] [57] [58] . Hypoxia itself is a potent regulator of ECM composition, topology and stiffness. Hypoxia-mediated gene expression, signaling and matrix remodeling are critical for embryonic development and wound healing [57] [58] [59] . For example, hypoxia regulates the cellular events that occur during the first trimester of pregnancy when fetal trophoblast cells invade the maternal uterine spiral arteries leading to loss of the vascular cells from the vessel wall and remodeling of the ECM [60] . Hypoxic regulation of invasion and ECM remodeling is critical for placental development to ensure that sufficient blood can reach the developing fetus. Furthermore, hypoxia regulates lung branching morphogenesis during embryonic development [61] , and oxygen deprivation can stimulate mammary epithelial cell branching morphogenesis in vitro through increased HGF expression [62] .
Hypoxic conditions stimulate blood cell proliferation and blood vessel formation, and modulate expression of ECM components and remodeling enzymes thereby maintaining tissue homeostasis. Hypoxia-driven changes in gene expression are mediated primarily by hypoxia-inducible factor (HIF)-1 [63] . For example, hypoxia increases ECM accumulation in mesenchymal cells in a HIF-1 dependent fashion, which is required for chondrogenesis and joint development during fetal growth [64] . Moreover, HIF-1 deficient trophoblast stem cells exhibit reduced adhesion and migration toward vitronectin compared with wild-type cells [65] , and the defective trophoblast invasion observed in the absence of HIF-1 was associated with decreased cell surface localization of integrin avb3 and reduced levels of focal adhesions containing avb3 integrin [65] . Thus, hypoxia stimulates cell adhesion and migration, as well as angiogenesis and ECM remodeling, and can cooperate with ECM stiffness to synergistically influence cell behavior.
The importance of non-cellular components of the tissue microenvironment on tumor evolution ECM structural changes during tumorigenesis Transformation can be regulated by the microenvironment, as was clearly demonstrated by early experiments exploring the role of RSV in tumor behavior [3] . These and other studies emphasize that tumors are organs whose formation is governed by 3D tissue context [4] [5] [6] [7] . Epithelial cancers, such as breast cancer, can be caused by somatic gene mutations but are additionally influenced by sustained alterations of the microenvironment including those associated with ECM remodeling. In fact, the composition of the ECM varies during the development of pathologies such as cancer, and the aberrant expression and organization of matrix components produced by stromal cells in response to stress can direct the malignant behavior of epithelial cells [8, 16, 66] .
Many ECM components and remodeling enzymes are elevated in cancer patients [13, 18, [67] [68] [69] . In the normal breast tissue, tightly controlled MMPs remodel the breast ECM to promote mammary gland growth and involution. In tumors, however, this stringent control of MMP expression and activity is lost [70] . Overexpression of MMPs 3, 11, 12 and 13 have been demonstrated in the tumor stroma, along with MMP-2 in transformed mammary epithelial cells [71] . Polymorphisms in the promoter region of MMP-3 resulting in elevated expression are associated with increased tumor incidence in patients [72] . Moreover, ectopic expression of MMP-3 within the MECs of transgenic mice induced desmoplasia, precocious branching morphogenesis and malignant transformation of the tissue [73] . Thus, aberrant MMP activity is not merely symptomatic of transformed tissue but additionally plays a causative role. Fibrillar collagens (types I, II, III, V and IX [21] ) normally have a low turnover but their metabolism is increased during the ECM remodeling that characterizes tumor evolution [16] . Type I collagen synthesis and remodeling is required for growth factor-induced angiogenesis, endothelial cell invasion and vessel formation, which are necessary to maintain tumor growth [74] . Indeed, the synthesis, concentration and circulating levels (serum concentration) of degradation products of type I collagen are increased during breast, lung, ovarian, prostate and skin malignancy [68, 69, [75] [76] [77] .
The architecture of tumor-associated ECM is fundamentally different from that of the normal tissue stroma [78] . In particular, whereas type I collagen is in a parallel orientation with respect to the epithelial cells, it is less organized in the stroma surrounding a transformed tissue [79] . While one may expect increased ECM synthesis to encapsulate and limit tumor progression, ECM deposition can in fact enable tumor cell invasion by providing critical biochemical cues that promote chemotaxis or that enhance cell migration by stiffening the matrix [14, 28] as has been observed along type I collagen fibers in invading breast tumors using intravital imaging [80] . Furthermore, elevated ECM deposition and remodeling can directly increase interstitial pressure and impede fluid drainage, as illustrated by the curved matrix sheets formed in melanomas, and these forces can severely compromise the efficacy of drug delivery [16, 78, [81] [82] [83] [84] .
Matrix stiffness drives transformation
Matrix stiffening is induced by increased collagen deposition and ECM cross-linking, and can promote malignant transformation by enhancing growth factor signaling and destabilizing tissue integrity [14, 28] . For example, human mammary epithelial cells (HMECs) grown on a highly rigid matrix develop a malignant morphology that is characterized by destabilized E-cadherin adherens junctions, absence of tissue polarity and an invasive behavior ( Fig. 1 ) [14] . Increased matrix stiffness has been observed in fibrotic lungs, in scar tissue, in tissue exposed to high doses of radiation, in aged skin and in women with dense breasts; all conditions that predispose these individuals and tissues to a higher cancer risk. Consistently, tumors are characteristically stiffer than their normal adjacent tissue, and while increased cell mass undoubtedly contributes to the increase in tissue force in tumors, altered stiffness is often detected as a global increase in the physical properties of the transformed tissue [85, 86] .
Indeed, over the years imaging methods such as ultra sound sono elastography and MR imaging elastography have been exploited to monitor tissues for evidence of transformation based upon differential stiffness profiles of not only the tumor itself, but also of the surrounding nontransformed tissue [86] . These findings suggest that the stiffening associated with tumor progression is linked to changes in the ECM structure that track with the tumor phenotype. These include elevated levels of collagen, linearization of the collagen fibrils, higher amounts of matrix cross-linking enzymes, and enhanced expression of proteoglycans implicated in matrix cross-linking including lumican and biglycan [87] . Tumor stiffness has additionally been attributed to the elevated interstitial pressure due to leaky blood vessels and lymphatics [88] .
Mechanical interactions between cancer cells and ECM can accelerate neoplastic transformation [14, 89, 90] . For instance, normal tissues can be induced to become cancerous in vivo by altering ECM structure [73] . The idea that structural or mechanical changes in the microenvironment actively contribute to tumor formation is not a novel concept. Early experiments demonstrated that implantation of a rigid piece of material (metal or plastic) can trigger cancer formation whereas introduction of the same material as a powder did not induce tumor formation in animals [91] . Conversely, there are many studies in experimental systems to suggest that cancers can be induced to become quiescent, differentiate, die or form normal tissues, if provided with the correct set of 3D signals conveyed by the microenvironment [90] . Decades of research has shown that combining epithelial tumor cells with normal mesenchyme (stroma), embryonic tissues, or with ECMs that are deposited as a result of these interactions, reverts their cancerous phenotype and restores their normal tumor morphology [90, [92] [93] [94] [95] [96] . For example, stoma from healthy animals can prevent neoplastic transformation of grafted epithelial cancer cells and encourage their normal growth [93, 94] . The growth and differentiation of mammary epithelial tumors can be reverted to normal by modulating cell adhesion to the ECM [4] . These studies suggest that it may be possible to prevent tumor progression by ''normalizing'' the ECM microenvironment [90, 94] .
Hypoxia drives pro-tumor ECM remodeling
Hypoxia is present in all solid tumors over 1 cm 3 , and is clinically associated with metastasis and poor patient outcome [54, 57] . Transformation of cells may also be driven by hypoxia, which induces oncogene expression, enhances DNA mutation rate, and selects for cells with increased apoptotic thresholds [54, [97] [98] [99] . In addition hypoxia can drive tumor evolution through increased matrix deposition, cross-linking and remodeling. Hypoxia increases collagen biosynthesis [100, 101] , collagen fibril deposition [102, 103] , and collagen remodeling [103] , and processing [104] . For example, hypoxia up-regulates the P4H aI subunit of collagen prolyl 4-hydroxylase (P4H) which is the ratelimiting subunit for the hydroxylation of proline residues of procollagens [104] . The formation of hydroxyproline is an essential post-transcriptional process for stabilization of the helical trimer of procollagen polypeptides. Prolonged hypoxic incubation of fetal rat lung fibroblasts enhanced this post-transcriptional step of collagen synthesis and accelerated the deposition of collagen molecules and fibrils [102] . In addition, cytoplasmic P4Hs play a critical role in the regulation of the HIFa [105] .
In addition, hypoxia increases expression of matrix remodeling enzymes, including MMPs [106] . Micro-array analysis revealed that expression of a secreted protein, lysyl oxidase (LOX), was consistently over-expressed by hypoxic human tumor cells [107] . LOX initiates the covalent cross-linking of collagens and elastins, thereby increasing insoluble matrix deposition and tensile strength [108] . LOX expression is induced by hypoxia-inducible factor (HIF)-1 and is associated with experimental hypoxia in vitro and in vivo, and clinically in breast and head and neck cancer patients [13] . LOX is synthesized in fibrogenic cells as a pre-pro-enzyme that is cleaved and glycosylated prior to its secretion [108] . After secretion, the LOX proenzyme is proteolytically processed by procollagen Cproteinase (bone morphogenic protein-1) which releases the 32-kDa biologically active mature form of the protein.
Procollagen C-proteinase (bone morphogenic protein-1) is also hypoxia-induced [107] , and cleaves pro-collagens thereby permitting processing and collagen fibril assembly, in addition to activating LOX. LOX mediates stiffness-induced transformation The importance of collagen remodeling, cross-linking and stiffening to tumor progression was emphasized by our recent unpublished work in which we primed the mammary stroma of nude mice with fibroblasts expressing a constitutively active LOX (Levental et al., unpublished) . In these studies, LOX-dependent collagen cross-linking of the mammary fat pad promoted the linearization of the interstitial collagens, stiffened the gland and induced the neoplastic progression of Ha-Ras pre-malignant HMECs. Consistently, we found that the elastic modulus (indentor) and the storage modulus (shear) (i.e. stiffness) of the mammary tissue in MMTV-Her2/neu transgenic mice increased incrementally, coincident with and prior to the establishment of large, invasive tumors. Although the tissue stiffening could be attributed in part to an increase in cell mass, we noted that both the tumor and the surrounding stroma were significantly stiffer than normal tissue [14] . Moreover, second generation harmonics imaging as well as polarized light scanning of picrosiriusstained tissues revealed that tissue stiffening correlated with collagen linearization. Importantly, we found that collagen linearization was associated with elevated levels of the collagen cross-linker LOX, which we could detect in the stroma prior to tumor formation. Matrix stiffening and cross-linking were additionally associated with enhanced mechano-responsiveness of the epithelium, as evidenced by elevated activated focal adhesion kinase, and p130 Cas. Intriguingly, inhibiting LOX-dependent collagen crosslinking in Her2/neu mice, tempered collagen linearization, reduced gland stiffening and enhanced the latency and decreased the incidence of breast transformation. These data imply that altering the cell's mechano homeostasis could promote the malignant behavior of an epithelium in culture and promote transformation in vivo, and that inhibiting matrix stiffening could temper reducing matrix stiffness can diminish breast transformation in vivo.
Metastasis driven by non-cellular components of the tumor microenvironment

3D context dictates malignant progression
Deregulated growth is not sufficient to make a tissue cancerous. What makes a growing cancer malignant is its ability to break down tissue architecture, invade through disrupted boundaries, and metastasize to distant organs. Malignant progression is completely dependent upon the 3D context of the tissue microenvironment. In fact, the multistep process of metastasis can only be successful if the 3D microenvironment is permissive for tumor cell invasion, metastatic dissemination and metastatic growth. Non-cellular components of the tumor microenvironment, such as the ECM and hypoxia, critically drive tumor progression through increased ECM deposition, cross-linking and remodeling. This ECM remodeling creates a microenvironmental context that enhances tumor cell survival, migration, growth, tumor angiogenesis and lymph angiogenesis [67, 109, 110] . Indeed, hypoxia and matrix remodeling that lead to a progressive stiffening of the ECM are associated with tumor progression, and many ECM components and remodeling enzymes are associated with metastasis in cancer patients [13, 18, [67] [68] [69] .
The 3D organization and architecture of the ECM and stroma are dynamic [16, 18] . Ultrastructural studies, immunohistochemistry, and biochemical analysis have demonstrated changes in stroma, ECM composition and architecture occur at critical steps during malignant progression [109, 111] . The dramatic changes in the organization and composition of the ECM during tumor progression alter tumor behavior and contribute to tumor metastasis. For instance, the mammary gland matrix stiffens progressively during tumor progression and this mechanical alteration is associated with increased collagen, fibronectin and tenascin deposition, and elevated collagen cross-linking and linearization [14] . Matrix stiffness in association with growth factors, enhances cell survival and increases cell contractility [14] . Matrix stiffness and/or exogenous force independently induce cell-generated contractility to promote focal adhesion maturation and enhance integrin-dependent signaling, thus compromising multicellular tissue morphogenesis and promoting a tumor-like behavior in mammary cells [14] . This suggests that matrix stiffness likely promotes breast tumorigenesis through altering integrins and their adhesion interactions. Conversely, blocking integrin or growth factor-dependent cell contractility can revert the malignant phenotype in culture [40] . Consistent with these findings, ectopic expression of b1 integrin mutants with increased transmembrane molecular associations (V737 N, G744 N), elevated cellular contractility and forced focal adhesion maturation increase integrin/growth factor-dependent signaling, again to compromise multi-cellular tissue morphogenesis and promote tumorigenic behavior in culture and in vivo [14] .
ECM structural changes disrupt cell-cell relations Deregulated cell growth and loss of cell-cell relations correlate with compromised structural integrity of the basement membrane (BM) [92] . Tumor cell growth can be suppressed and cells can be induced to re-form polarized epithelium when they come into contact with intact BM in vivo or are cultured on intact BM in vitro [92, 95, 96, 112] . Structural alterations in the BM occur early on in cancer, even before the development of a palpable tumor [113] . These include gaps, thickening, loosening of cells from each other and the surrounding stroma [90] , and can be considered a hallmark of malignant invasion because tumors surrounded by an intact BM generally do not penetrate into surrounding tissues [114] [115] [116] .
Loss of cell-cell contact occurs during epithelial-tomesenchyme transition (EMT), and is a key step in malignant progression of many epithelial cancer cells [117] . EMT often occurs as a consequence of transcriptional repression of E-cadherin mediated by transcription factors such as TWIST, Snail and Slug [117] . Hypoxia drives EMT through hypoxia-inducible factor (HIF) [118] , uPAR [119] and TWIST [120] . TWIST expression is increased by mechanical force [121] , and EMT can be induced by TGF-b released as a result of hydrostatic compression [122] [123] [124] [125] [126] . Intriguingly, murine MECs expressing oncogenic Ras expressed higher levels and secreted more ILEI, a novel interleukin-related protein, following EMT induction by TGF-b [127] . ILEI knockdown normalized the morphology and gene expression of the MECs and prevented the transformation and metastasis of normal epithelial cells [127] . Importantly, EMT induces cytoskeletal reorganization and alters cell adhesion to increase tensional force illustrating how an exogenous mechanical force can modulate cellular tension through a positive feed-forward mechanism [32, 128] .
Transformed MECs often exert greater cell-generated force in response to physical interactions with the ECM [14] . These cellular forces are mediated through actomyosin contractility and cytoskeletal remodeling that are induced by ERK and Rho GTPase signaling. Matrix stiffening can establish a mechanical autocrine loop in which Rho GTPases are activated by the transmission of force through transmembrane integrin receptor interactions with the ECM and that can be suppressed by tension dissipation in the cytoskeleton [28, 90] . Mechanotransduction modulates cell behavior by altering the function and activity of multiple signaling pathways including those regulated by ERK, MAPK, calcium, SRC, and G-coupled receptor proteins [28, 90] . Force can significantly enhance growth factor signaling and even modify the requirement of cytokine binding for receptor activation [28, 90, 129] . ECM rigidity enhances cell contractibility largely by activating RhoGTPases, and by so doing drives cell spreading and growth, promotes ECM fibril alignment and can further increase ECM stiffness and induce matrix tension by facilitating cell pulling through ECM adhesions [14] . Furthermore, Rho can alter cell and tissue tension by promoting EMT [130] . Finally, tensional stress can facilitate cell invasion by elevating MMP-9 release and activation [131] .
ECM remodeling and hypoxia enable invasion, metastatic growth and dissemination
The acquisition of the metastatic phenotype is not simply the result of deregulated signal transduction pathways, but instead is achieved through a stepwise selection process driven by microenvironmental pressures including hypoxia and ECM remodeling. For example, invasion into surrounding tissue requires destruction of the BM and remodeling of the ECM. This is governed by microenvironmental cues that determine ECM degradation and synthesis. Hypoxia can disrupt tissue integrity and enhance cell motility and invasion directly by repressing E-cadherin and enhancing N-cadherin expression and hepatocyte growth factor (HGF)-MET receptor signaling [132] . Hypoxia can disrupt tissue integrity indirectly by promoting cell-ECM interactions through enhancement of avb3 integrin membrane localization [65] , or by fostering ECM remodeling through up-regulation of uPAR and uPARdependent MMP activation [132] . In addition, hypoxia can induce ECM stiffening through elevated expression of LOX and LOX-dependent collagen cross-linking [13] . In addition, hypoxia indirectly enhances tumor dissemination by directly regulating the expression and activity of hypoxia-induced vascular endothelial growth factor (VEGF) to promote angiogenesis and lymphangiogenesis, and increase vascular permeability to promote both intravasation at the primary tumor site and extravasation at the distant metastatic site [132] .
Disordered ECM architecture is a characteristic of the tumor invasive front where increased matrix deposition and remodeling is observed [133, 134] . Hypoxia enhances the proteolytic activity at the invasive tumor front and alters interactions between integrins and components of the ECM, enabling tumor cell invasion [132] . Invasive branching of breast cancer cells growing in 3D matrix is observed in oxygen-deprived conditions due to hypoxia-induced HGF expression [62] . Furthermore, hypoxia-induced LOX is needed for invasive branching of oxygen-deprived human cancer cells in 3D matrix and its expression is elevated at the leading edge of invading cells [13] . LOX expression is not only associated with hypoxia but is also associated with metastasis and decreased survival in human cancer patients [13] . Inhibition of LOX expression or activity was found to prevent in vitro invasion and in vivo metastasis in an orthotopic model of breast cancer [13] . LOX activity outside of the cell resulted in matrix remodeling and activation of focal adhesion kinase (FAK) enabling cell motility. LOX inhibition resulted in decreased cell-matrix adhesion interactions critical for invasive migration and metastatic dissemination. A dependence on LOX expression for metastatic growth was additionally observed and may be explained by LOX's role in the formation and maintenance of the metastatic niche (see below). LOX-induced matrix cross-linking can activate MMPs (ErlerBennewith et al., unpublished). Increased MMP activity results in both matrix remodeling and release of chemokines, cytokines and growth factors trapped within the ECM [16] . Taken together, these studies demonstrate that hypoxia can enhance ECM remodeling thereby enabling tumor cell invasion.
Angiogenesis is required for metastatic dissemination and to sustain metastatic growth. Mechanical interactions between capillary cells and ECM control capillary cell growth and angiogenesis through Rho signaling [135] . Angiogenesis is also potently induced by hypoxia through increased expression of vascular endothelial growth factor, erythropoietin, and other pro-angiogenic factors [54] . Under physiological non-hypoxic conditions, angiogenesis can be driven by mechanical forces. For example, capillary endothelial cells subjected to mechanical stretch demonstrate elevated MMP-2 and HIF-1a expression, and MMP-2 activity [136] . These findings additionally suggest that ECM remodeling can increase hypoxic responses, a phenomenon supported by the presence of hypoxia as a result of increased ECM remodeling and fibrosis during woundhealing [58] . Hypoxia in turn increases the expression and activity of genes involved in fibrosis and ECM remodeling, resulting in a feed-forward mechanism that increases matrix stiffness and drives tumor progression (Fig. 2 ). This synergistic relationship is further exemplified by the fact that tumor-associated compression stress can induce tumor angiogenesis by directly increasing expression of VEGF or indirectly by blocking the vasculature surrounding the tumor mass to promote hypoxia and VEGF secretion [137] .
The importance of cellular components of the tissue microenvironment on tumor progression
Metastatic progression depends on stromal cell involvement
The non-tumor cellular component of the microenvironment consists of activated and/or recruited host cells such as fibroblasts and immune cells [8, 138] . It is the reciprocal interactions between these host cells, the tumor cells and the ECM that drive tumor progression including metastatic dissemination [16, 109] . Altering stromal cells alone can induce cancer [5] , and mutations in stromal cells contribute to the formation of epithelial tumors [139] . Thus, persistence of abnormal signals from the stroma can create an interdependent cancerous tissue [16] . In addition, solid tumor growth cannot be sustained unless the tumor resets the balance between ECM remodeling/degradation and ECM synthesis, and growth cannot be maintained without sufficient blood supply [79] . To do this, the tumor must recruit stromal cells (fibroblasts, inflammatory cells and vascular cells) to increase ECM deposition, MMP-mediated matrix degradation, and increase angiogenesis [16] . Stromal cells therefore play a critical role in tumor evolution and metastasis [140] .
Alterations in matrix compliance, such as changes in stiffness, influence MEC malignant behavior directly through mechanotransduction pathways (described above) or indirectly by activating resident fibroblasts to release cytokines, growth factors and ECM degrading enzymes [28, [141] [142] [143] . Fibroblasts are the predominant cell Fig. 2 Schematic to demonstrate the interplay between hypoxia and matrix remodeling, using lysyl oxidase (LOX) as an example. LOX expression is increased in pre-malignant tissue, where it cross-links collagens in the ECM increasing matrix stiffness and enabling ECM remodeling. This allows for malignant transformation and primary tumor growth. As the tumor grows larger, regions become subjected to hypoxic conditions. In response to hypoxia, tumor cells increase expression of proteins involved in collagen biosynthesis and processing, including LOX. This results in increased matrix deposition, collagen cross-linking, matrix remodeling and matrix stiffness, which in turn encourage a hypoxic environment. LOX secreted by hypoxic tumor cells is additionally involved in the formation of a premetastatic niche at distant sites of future metastasis. Increased collagen cross-linking and matrix remodeling attract bone marrowderived cells to the site, which create a niche permissive for metastatic tumor cell attachment and growth. Again, subsequent matrix remodeling and increased stiffness at these metastatic sites would enhance hypoxia, which in turn elevates expression of proteins involved in collagen biosynthesis and processing, further increasing matrix remodeling and matrix stiffness. This feed forward mechanism is further enhanced by matrix metalloproteinase (MMP) activity. MMP expression and activity is elevated by both increased matrix stiffness and by hypoxia. Thus, the symbiotic interaction between ECM remodeling and hypoxia, two non-cellular components of the tissue microenvironment, can cooperatively drive tumor metastasis by influencing common targets population in the stroma, and are the largest producers of ECM components (collagen I and fibronectin, in particular) [110] . Each organ has their own specific set of fibroblasts that regulate normal tissue homeostasis [144] . Fibroblasts associated with the tumor stroma are myofibroblasts, peritumor fibroblasts, and cancer associated fibroblasts (CAFs) [16] . CAFs can stimulate oncogenic signaling and malignancy in non-tumorigenic epithelial cells [145] . In addition, CAFs produce abundant quantities of collagen changing the biochemistry and structure of the ECM, which can encourage tumor development and progression [146, 147] . One of hallmarks of fibroblasts is that they are surrounded by dense accumulations of fibrillar collagen [110, 148] . This desmoplastic response is frequently seen cancers such as breast, pancreatic, prostate, colon and lung, and is associated with the recruitment of inflammatory cells and with the induction of angiogenesis [16] . Furthermore, hypoxia is associated with desmoplasia and poor prognosis in breast cancer patients [149] .
LOX MMPs
Stromal cells mediate pro-metastatic ECM remodeling
Fibroblasts
Fibroblasts and vascular cells create a similar fibrotic environment during wound healing to enable tissue repair. In fact, both tissue fibrosis and inflammation increase cancer risk in patients [138] , and there is an increased incidence of tumor formation at sites of scarred tissue [150] . Interestingly, wounding in RSV infected chickens induces tumor formation [151] possibly by stimulating TGF-b which can [151] increase collagen production and smooth muscle actin expression in fibroblasts and induce tissue desmoplasia [152] . In this regard, cancer has been defined as a wound that fails to heal [1, 153] , because tumor progression and the wound-response are both characterized by ECM remodeling, hypoxia, angiogenesis, and the recruitment of a repertoire of non-transformed host cells.
Fibroblasts themselves are strongly regulated by their 3D environment. For example, fibroblasts embedded within 3D compliant floating collagen gels are quiescent [154] in contrast to fibroblasts growing on rigid 2D substrata. However, a mechanical challenge can stimulate the fibroblasts, to increase mechanical loading and alter fibroblast behavior [28] . This is because mechanical loading induces fibroblasts to up regulate the synthesis, secretion and deposition of many ECM components and their crosslinking enzymes such as LOX, and by so doing increases the local stiffness of the matrix and enhances the tensile properties of the gel [28] . These matrix modifications further activate fibroblasts and result in a feed-forward mechanism to maximize tumor progression. Hypoxia results in similar activation of fibroblasts, and increases the expression of ECM components and remodeling enzymes, such as LOX, to further enhances tissue desmoplasia and promote metastatic progression [54, 149, 155] .
Leukocytes
Innate immune cells are strong mediators of disease progression because they release potent soluble factors that enable growth, motility and angiogenesis [16, 138] . Leukocytes play a key role in tumor progression. They are loaded with chemokines, cytokines, reactive oxygen species, proteases, TNF-a, interleukins and interferons [16] . These factors are all known to mediate inflammation responses, recruit/activate innate immune cells, tissue remodeling and angiogenesis [16] . For instance, leukocytes produce abundant MMPs, which remodel the ECM and release chemokines, cytokines and growth factors, such as TNF-a, bFGF and VEGF which are sequestered to ECM molecules or tethered to cells [156, 157, 106, 108] . In particular, MMP2 and MMP9 activate latent TGF-b in ECM which drives EMT, induces tissue desmoplasia and elevates LOX expression [158] . In addition, leukocytemediated matrix modifications stimulate cell-cell and cellmatrix adhesion molecules thereby increasing invasion, angiogenesis and inflammation [156, 157] . While the majority of matrix remodeling creates an environment permissive for malignant conversion and cancer development, peptides released from collagen remodeling can also exert anti-angiogenic effects. These released factors include endostatin released from the NC1 fragment of type XVIII collagen [159] , restin released from type XV collagen [160] , arrestin released from type IV collagen [161] , and all three chains of type IV collagen [27, 161, 162] . Thus, protease-generated cleavage products released from the interstitial ECM and BM can act as either suppressors or activators of angiogenesis.
TAMs
Tumor-associated macrophages (TAMs) are determinants of malignant progression [16] . TAMs are present in many cancer types including melanoma, cervical squamous cell carcinoma and mammary adenocarcinoma [163] [164] [165] [166] . Furthermore, TAMs are associated with metastasis and poor patient outcome [167] . TAM-induced ECM remodeling increases angiogenic and lymphangiogenic responses thereby promoting tumor growth, survival and dissemination [168, 169] . In addition, TAMs enhance tumor cell invasion [80, 165] as revealed by elegant intravital imaging that showed how TAMs secrete growth factors to direct tumor cell migration towards blood vessels and enable intravasation [80] . Interestingly, TAMs are known to accumulate in regions of hypoxia raising the intriguing possibility that hypoxia might additionally promote tumor metastasis by recruiting factors that stimulate TAM recruitment [167, 170] .
ECM remodeling and recruited BMDCs establish the pre-metastatic niche Recent in vivo data has suggested that formation of a premetastatic niche is essential for the growth and survival of extravasating metastatic tumor cells [171] . These studies showed that factors secreted by primary tumor cells stimulate the recruitment of bone marrow-derived cells (BMDCs) to sites of future metastasis. The bone marrowderived cells express VEGFR-1, c-kit, CD133, CD34 and integrin VLA-4, and increase angiogenesis at the premetastatic sites thereby creating tissue-specific niches that permit the growth and survival of metastatic tumor cells. Consistently, targeted inhibition of VEGFR-1 prevented niche formation and inhibited subsequent metastatic progression. Such localized tissue pre-conditioning may thus represent a key step during tumor metastasis that could be targeted therapeutically.
Elevated fibronectin expression in fibroblasts and fibroblast-like cells resident at pre-metastatic sites appears to be a critical factor in the development of the pre-metastatic niche. The key tumor-secreted factors that determine metastatic sites and mediate pre-metastatic niche formation have yet to be identified, although TNF-a, TGF-b and VEGF-a signaling have all been implicated [172] . MMPs might also play a role in the formation of the metastatic niche. For example, VEGF-R1 signaling is required for the pre-metastatic induction of MMP-9 expression in endothelial cells and macrophages of the lungs by distant primary tumors [173] . This is thought to make the lung microenvironment more hospitable for the subsequent invasion and survival of metastatic cells. Indeed, pericyte recruitment and angiogenesis are not observed in tumorbearing mice with MMP-9 knock-out bone marrow cells [174] , whereas stromal-derived MMP-2 and MMP-9 facilitate the establishment and growth of metastatic tumors [175] .
Exactly what determines where these niches form remains unresolved. Studies have shown that cell growth rate is increased at sites where mechanical stresses concentrate [176] and that continuous mechanical perturbation induces tumors in rodents [91] . Furthermore, there are many accounts of cancer forming at sites of repeated physical injury, and chronic wounding can promote malignant transformation and foster tumor metastasis [90] . These observations raise the intriguing possibility that premetastatic niches might occur at sites exposed to repetitive mechanical strain.
Recently, we found that LOX secreted by hypoxic tumor cells plays a critical role in vivo in the formation of the premetastatic niche [ErlerBennewith et al., unpublished] . We could show that the activity of tumor-secreted LOX at premetastatic sites is required for BMDC recruitment. In vitro data suggested this effect was likely mediated through LOX-dependent matrix remodeling and MMP activity induced by collagen cross-linking. BMDC recruitment enabled pre-metastatic niche formation that was able to support metastatic growth, and this process could be disrupted by administering LOX-targeting therapies. These studies stress the importance of ECM remodeling and the interplay between the tumor cells and the stroma in transformation and metastasis, and highlight the therapeutic potential of targeting the tissue stroma to prevent tumor progression.
Future directions
There is a critical reciprocal and functional link between multiple non-cellular micro-environmental components that control tumor evolution and metastatic progression. These include the ECM and hypoxia, which are potent driving forces of tumor progression. Emerging evidence indicate that changes at the primary tumor, including those driven by stiffness and hypoxia, profoundly influence distant metastatic sites. Preliminary studies suggest that a complex interplay between matrix remodeling and tumor hypoxia likely ''primes'' the metastatic niche. Nevertheless, in order to develop effective anti-metastatic therapies, it will be critical to understand and identify the key molecular mechanisms whereby tissue context, as exemplified by mechanical force and hypoxia, regulate tumor metastasis.
